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Oil shales and coal have considerable amount of pyrite which undergoes various thermal transformations 
during their processing or combustion. Reactions and changes in pyrite chemistry vary considerably 
under different environmental conditions. In this paper, we report an in situ high-temperature X-ray dif- 
fraction study of phase transformations in pyrite under variable environmental conditions (atmospheric 
pressure (1 atm.), low air pressure (<0.001 atm.), inert and carbon dioxide atmosphere). We observe that 
while heating of pyrite in air promotes the formation of hematite (a#-Fe203), magnetite (Fe30,) is a major 


ela product in low pressure environment. On the other hand, in the inert environments (nitrogen and argon) 
Pyrite pyrrhotite, a non-stoichiometric iron sulphide, is the most dominant product. However, in carbon dioxide 


(CO2) environment, pyrrhotite is an intermediate low temperature product which further transforms into 
magnetite and hematite, attributed to the dissociation of the CO2 into O2 and CO providing conducive 
conditions for the oxidation. We also propose the possible reaction pathways including self-dissociation 


Phase transformations 


of CO. 


© 2008 Elsevier Ltd. All rights reserved. 


1. Introduction 


In countries such as Australia, use of pyrite containing fuel such 
as coal and oil shale poses major environmental concerns as energy 
sources [1,2]. Pyrite, with chemical formula FeS, contains large 
amounts of sulphur in addition to many other trace elements such 
as Co, Ni, Cu, Mo etc. [3,4]. During processing of oil shales, pyrite 
undergoes a number of chemical reactions and these reactions 
are affected by the nature of processing environment. Industrially 
important processes are retorting processes involving heating oil 
shales to temperatures above 550°C in low-oxygen atmosphere 
or combustion of coal or oil shales in the form of direct fuel which 
is conducted under standard atmospheric conditions. These reac- 
tions are important due to several factors. For instance, in natural 
environments, oxidation of pyrite may generate sulphuric acid, 
which can either alter other minerals or can lower the pH of the 
surrounding environment. On the other hand, in industrial applica- 
tions such as oil shale retorting and coal combustion, pyrite may 
decompose to release corrosive gases such as SO or SO3 [3-6]. 

Previous studies on the thermal decomposition and reactions of 
pyrite suggest that the products of decomposition vary depending 
upon the environment. For instance, it is easily oxidised to differ- 
ent iron oxides such as hematite (a#-Fe203) or magnetite (Fe30,) 
in an oxidizing environment [7], while pyrrhotite is one of the ma- 
jor products of pyrite decomposition in non-oxidative environ- 
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ments [8]. Other products may also be formed in different 
gaseous environments. 

Eneroth and Koch [9] studied the thermal oxidation of pyrite 
and its polymorph, marcasite by heating pyrite between 200 and 
650°C for 1h in the presence of oxygen and reported hematite 
as the main product. There are various reports on the transforma- 
tion of pyrite into hematite: some suggesting direct transformation 
of pyrite into hematite upon heating in air [10] while others show 
transformation into hematite via intermediate stage of pyrrhotite 
formation [11]. The different mechanisms of pyrite to hematite 
transformation in oxidizing environments proposed by different 
groups are governed by factors such as particle size, temperature, 
oxygen concentration, heating rate and flow conditions [7]: for in- 
stance lower temperature (<800 K) and oxygen-rich environments 
lead to direct oxidation of pyrite whereas higher temperature 
(>800 K) and low-oxygen containing atmospheres give rise to oxi- 
dation via intermediate formation of pyrrhotite. While in most 
cases, hematite is the commonly reported final product, there are 
occurrences of magnetite formation if the oxygen concentration 
of the environment is relatively low (1-5%), especially at higher 
temperatures (typically higher than 1273 K) [12-15]. 

In non-oxidizing environments, pyrite transforms into pyrrho- 
tite (a non-stoichiometric Fe sulphide with the general formula 
Fe,_,S, where x < 0.125) via reaction (1) 


Fe;_xS + 2CO(g) + SO2(g) (1) 


Mechanical milling of pyrite in carbon dioxide (COz) has been 
shown to transform pyrite into monoclinic pyrrhotite and further 
milling converted the monoclinic pyrrhotite into hexagonal 


FeS2 + 2CO2 
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Fig. 1. (a) In situ HTXRD patterns of pyrite analysed under low pressure (<0.001 atm.). Bottom unlabelled pattern is of pyrite at room temperature; P - pyrite, Pyrh - 
pyrrhotite, H - hematite, M - magnetite, SH - sample holder. (b) Normalised intensities as a function of temperature. 


pyrrhotite, with a sulphur deficiency which was attributed to the 
formation of amorphous sulphur [16]. Authors also argued that 
pyrrhotite is stable in CO2 environments. It has also been reported 
that the reactions of pyrite and CO, involve the breakdown of sul- 
phide via an exothermic reaction [17,18]. Subasinghe et al. [19] 
studied the reactions of minerals in oil shale in different gaseous 
environments and showed that pyrite disappears much faster in 
air than in a non-oxidizing environment. 

Previous studies on Venus’ atmosphere revealed the presence of 
reduced sulphur gases [17,18] that led to a few studies on pyrite 
decomposition and formation of carbonyl sulphide (OCS) and sul- 
phur in CO3, CO and SO atmospheres at high-temperatures. Hong 
and Fegley [18] investigated the possibilities of the following reac- 
tions towards the formation of OCS: 


SO, + 3CO = OCS + 2C0, (2) 
3FeS, + 4CO, + 2CO = Fe;0, + 60CS (3) 
2CO +S, > 20CS (4) 


Hong and Fegley [18] observed that OCS gas was produced 
when pyrite was heated at relatively higher temperatures (538- 
612°C). They also suggested that OCS might have been formed 
by reactions (2) and (4) rather than (3). 

Whilst previous literature reports have led to an enhanced 
understanding of the reactions and detailed reaction mechanisms 
of transformations of pyrite, there are disagreements between var- 
ious groups [7-16]. This could be because most of the previously 


conducted studies were ex situ, i.e. on heated and quenched/cooled 
products, at times not revealing the complete process of the trans- 
formation by hindering access to intermediate transformation 
products. The objective of this paper is to study the transformation 
of pyrite using an in situ high-temperature X-ray diffraction (XRD) 
in different environments and to analyse the process of transfor- 
mation while being able to compare and contrast with previously 
reported results. It is also hoped that this study would also shed 
more light into environmental aspects of fuel processing. 


2. Experimental 
2.1. Material and methods 


Natural pyrite samples from South Australia were used for all 
analyses. The samples were crushed immediately before use, to a 
grain size between 75 and 125 um under ethanol to avoid possible 
oxidation reactions beforehand. The samples were not ground toa 
fine powder in order to prevent any strain and to reduce possible 
reactions during grinding. After preliminary XRD and XRF analysis 
and semi-quantification, only samples with the minimum level of 
impurities were selected for further studies. 


2.2. XRF analyses 


Quantitative analysis of major and minor elements was carried 
out using a Bruker S4 Pioneer wavelength dispersive X-ray fluores- 
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Fig. 2. (a) In situ HTXRD patterns of pyrite analysed in air (atmospheric pressure). Bottom trace is of pyrite at room temperature; Pyrh - pyrrhotite, H - hematite. (b) 


Normalised intensities as a function of temperature. 


cence spectrometer, operated using a 4kW tube at 50kV and 
40 mA. The selected pyrite sample showed an average of 45.27% 
w/w iron and 52.82% w/w sulphur, which is characteristic of 
98.1% pure pyrite with minute amounts of Si (0.67%), Ca (0.27%), 
Zn (0.16%), Al (0.14%), and traces of Pb and As (<0.1%). These values 
are comparable to most of the natural samples used by other 
researchers [20]. 


2.3. In situ HTXRD 


X-ray diffraction analyses were run on a Bruker XRD diffractom- 
eter using Cu Ko radiation in 0-20 coupled mode with 0.01 degree 
step size and 2s/step sampling time. To conduct the measure- 
ments, each powder sample was placed directly on the platinum 
heating strip. The samples were heated to various temperatures a 
heating rate of 10°C/min and were held at various temperatures 
for 2 min before recording the spectra. Peaks from the platinum 
sample holder were also visible in some diffractograms and were 
labelled accordingly. The measurements were made in air, under 
low vacuum (<0.001 atm.), argon, nitrogen and carbon dioxide, 
respectively. The gas flow rates were maintained at 20 ml/min in 
all the appropriate experiments. The gases were bled in to the 
chamber for a minimum of 30 min prior each analysis to attain 
steady state conditions. 

There was a minor shift in XRD peaks at high-temperatures due 
to thermal expansion of the sample and the platinum sample 
holder and was taken into account while identifying the peaks. 


3. Results and discussion 


Room temperature XRD results of the pyrite sample match with 
the JCPDS file no. 71-2219, for cubic pyrite with a = 5.4179 A. Pyrite 
is known to decompose and undergo various transformation above 
400 °C [9,17,18,21,22] and thus all the XRD measurements were 
performed at temperatures up to 900 °C and the results are pre- 
sented at and above 400 °C when no changes were found below 
400 °C. Following sections present the in situ XRD results of the 
pyrite samples studied in different kinds of atmospheres. 


3.1. Under low pressure (<0.001 atm.) 


Fig. 1a shows the XRD patterns of the pyrite samples heated and 
measured at temperatures above 400 °C and up to 850°C. No sig- 
nificant phase changes in the pyrite composition were observed 
at temperatures below 400°C and the results are in accordance 
with the observations made by Hu et al. [22]. Although pyrite 
can potentially decompose below 400 °C [22], the reaction is very 
slow and no significant changes were observed from the experi- 
ments and subsequent XRD patterns of the samples. However, as 
the temperature reaches 400 °C, one could observe the appearance 
of magnetite peaks followed by appearance of hematite peaks at 
450 °C. Upon further heating the sample, pyrite peaks disappear 
at about 600 °C and at further higher temperatures, a mixture of 
magnetite and hematite coexists. This is also depicted in Fig. 1b 
which shows the variation in the normalized relative intensity of 
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the strongest peak of each phase with temperature, clearly indicat- 
ing the change in the amounts of different phases with 
temperature. 

As depicted in Fig. 1a and b, in the low pressure environment, 
pyrite produces magnetite as the major product, through an inter- 
mediate phase of pyrrhotite (pyrite > pyrrhotite — magnetite and 
hematite). Eventually magnetite is slowly converted into hematite. 
This is an expected outcome under such restrictive oxidation con- 
ditions prevailing in low air pressure [7]. 


3.2. In air 


Fig. 2a shows that in situ HTXRD traces of pyrite heated and held 
at various temperatures up to 900 °C. The figure shows that while 
only pyrite peaks are seen until 400 °C, formation of hematite with 
disappearance of pyrite peaks is noted at and above 450°C. No 
other form of iron oxide is seen to form suggesting presence of high 
enough oxygen concentration in the environment and confirming 
the results of researchers reporting direct decomposition of pyrite 
in to hematite [7]. 

Reactions of Pyrite with oxygen to produce hematite (Fe203) 
and magnetite (Fe30,) are represented as follows [23-25]: 


2FeS, + 51/20) — Fe,03 + 4S02(g) (5) 
3FeS, + 802 — Fe304 + 6S02(g) (6) 


Above observations are also shown graphically in Fig. 2b where 
normalized relative intensities of strongest peaks of both pyrite 
and hematite are plotted as a function of temperature and once 
could again observe a sharp change in the intensities of both peaks 
confirming the phase change. 


3.3. In Argon and nitrogen 


Fig. 3a and b shows the XRD patterns of the samples when 
heated and held at various temperatures up to 900 °C. In this case, 
there is a sharp change in the pattern at 600 °C which suggests the 
phase change between 550 and 600°C as at 500°C, sample still 
consisted of pyrite phase. This shows that pyrite decomposition 
in argon does not start until about 550-600 °C unlike air where 
transformation starts below 500 °C (see Section 3.2. and Fig. 2a). 
In inert atmospheres, the final product is pyrrhotite, non-stoichi- 
ometric iron sulphide as against formation of hematite in air, 
reflecting the role of oxygen played in final phase formation. Pyr- 
rhotite remains stable even at higher temperatures when heated 
up to 900 °C as shown by the XRD patterns. The peak-to-noise ratio 
is lower for the XRD patterns recorded in argon because of argon’s 
higher X-ray scattering cross-section and mass absorption coeffi- 
cient. The change in the normalized relative intensities of the 
strongest peaks of two phases, as shown in Fig. 3b is also indicative 
of the above change. 
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Fig. 3. (a) In situ HTXRD patterns of pyrite analysed in argon. Bottom trace is of pyrite at room temperature; Py - pyrite, Pyrh - pyrrhotite. (b) Normalised intensities as a 


function of temperature. 
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Transformation of pyrite to pyrrhotite is shown by the following 
reaction [8]: 


Fes, < FeS,(s) + (1 — 0.5x)S2(g) (7) 


which is an endothermic process and this explains the reason for 
pyrite to pyrrhotite transformation requiring higher temperature 
than pyrite to hematite transformation [26]. 

For samples measured in pure nitrogen atmosphere, a similar 
trend to that in argon was observed thus the XRD traces are not 
shown here. However, in our early experiments with impure No, 
we observed the presence of small amounts of magnetite at higher 
temperatures which could have arisen due to small amounts of 
oxygen and/or water vapour in the nitrogen gas. Hurst et al. [21] 
reported that just 1.2% of oxygen in a nitrogen atmosphere can oxi- 
dise pyrite to FeO and Fe30, via an intermediate step of pyrrhotite 
formation. Complete removal of oxygen and water vapour from 
nitrogen prevents the formation of the oxides, with the reaction 
terminating upon pyrrhotite formation. 


3.4, In carbon dioxide (CO2) 


Fig. 4a shows the in situ XRD patterns of the pyrite sample trea- 
ted and measured in CO2 atmosphere. The results suggest that ini- 
tially, from 500 °C onwards, pyrite starts converting to pyrrhotite 
and at 600 °C, only pyrrhotite is seen. This is also corroborated 
by Fig. 4b where pyrite peak intensity drops to zero where as pyr- 
rhotite peak intensity is 100% at 600 °C. However, pyrrhotite re- 
mains stable only below 800°C. Heating the sample at 800°C 


——— = 


and above leads to the formation of magnetite and smaller 
amounts of hematite. 

Aylmore and Lincoln [23,24] extensively studied the reactions 
of pyrite, arsenopyrite and pyrrhotite in CO2 and suggested that 
the presence of COz may increase the rate of partial breakdown 
of pyrite and produce pyrrhotite according to reactions (8)-(11) 


FeS, + 2CO,(g) — Fe;_,S + 2CO(g) + SO2(g) (8) 
7FeS, + 2S02(g) + Fe7Ss + 202(g) + 8S (9) 
Fe,Ss + 2S02(g) + 4S  7FeS; + 202(g) (10) 
24FeS, + 7S02(g)  2Fe7Ss + 2Fe30, + 2Fe,03 + 39S (11) 


Among these, reaction (9) is the most likely reaction because with 
continuous purging of COz gas, it is highly unlikely that SO, builds 
up to sufficient concentration to react with pyrite as in Eqs. (9)- 
(11). This also explains the absence of sulphur as a by-product. 

In general, as the literature suggests, at high-temperatures 
(1173-1273 K) and high enough oxygen concentrations, all the 
pyrite oxidation reactions preferentially form a higher oxidation 
product, namely hematite as studied using techniques such as X- 
ray diffraction [7,9,27,28]. Under such conditions, nearly all of 
the iron present in the samples converts into highest oxidation 
state of Fe ie. Fe**, present in the form of hematite. On the other 
hand, magnetite, a mixed valence oxide, is seen to form at higher 
temperatures and/or at lower oxygen concentrations where suffi- 
cient oxygen is not present to yield complete oxidation of iron to 
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Fig. 4. (a) In situ HTXRD patterns of pyrite analysed in CO2. Bottom trace is of pyrite at room temperature. Two unmarked peaks around 39.5 and 46.2° 20 are for the platinum 
sample holder; H - hematite, M - magnetite, P - pyrite, Pyrh - pyrrhotite. (b) Normalised intensities as a function of temperature. 
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achieve the highest oxidation state [7]. On the other hand in CO, at 
low enough temperatures, pyrite undergoes thermal decomposi- 
tions to yield pyrrhotite, though presence of small amounts of oxy- 
gen may promote the oxide formation [26]. 

In COz, formation of magnetite and smaller amounts of hema- 
tite at higher temperatures, as shown in Fig. 4, can be attributed 
to the instability of CO2 and its dissociation into CO and Og, there 
by leading to oxidation of pyrrhotite. This was also shown by Feg- 
ley et al. [17] who measured the oxygen fugacity in CO2 before and 
after heating to 500 °C and showed self-dissociation of COz into CO 
and Op. The researchers further reported the formation of hematite 
(a-Fe,03) and maghemite (y-Fe203) mixture from magnetite in CO/ 
CO2 gas. In our experiments, CO2 dissociation above 700 °C pro- 
vides a gaseous atmosphere similar to that described by Fegley 
et al. [17]. As indicated in Fig. 4, pyrrhotite is an intermediate 
phase produced during heating of pyrite. In a restrictive oxidative 
environment, magnetite is the major reaction product along with 
small amounts of hematite. 

Considering the above factors, the following reactions are pro- 
posed for the decomposition of pyrite in CO gas: 


FeS, + 2CO2(g) — Fe,_,S + 2CO(g) + SO2(g) (12) 


Fe,_,S + CO(g) — Fe304 + COS(g) + SO2(g) (13) 
The overall reaction is 


FeS, + CO2(g) — Fe304 + Fe,03 + COS(g) + SO2(g) (14) 


No evidence of sulphur was observed during this work, although 
small amounts of amorphous sulphur could potentially form. Using 
the available data, the reaction path above (reaction (14)) is consid- 
ered most suitable. 


4. Summary 


We have conducted an in situ XRD study to investigate the 
phase transformation in natural pyrite under different environ- 
mental conditions namely air, low vacuum (<0.001 atm.), inert 
gases (nitrogen and argon) and CO, atmospheres using a high-tem- 
perature X-ray diffractometer. The end reaction product and the 
sequence of phase formation varied depending on the reaction 
environment. While in air, pyrite directly transformed to hematite 
as the only reaction product, in restrictive oxidating environment 
such as vacuum, magnetite and hematite were found to coexist. 
In the inert atmospheres such as argon and nitrogen, pyrite simply 
converts to pyrrhotite as the end product with transformation 
occurring at relatively higher temperatures than in air and is 
attributed to the endothermic reaction of transformation. In CO, 
it was observed that pyrite first reacts with CO2 to form pyrrhotite 
near 500 °C which further decomposes near 800 °C into magnetite 
and small amounts of hematite. Latter is attributed to the dissoci- 
ation of CO2 into CO and Op; at higher temperatures providing an 
oxidizing environment conducive towards formation of magnetite 
and hematite. This study on in situ identification of various phases 
upon pyrite decomposition could be useful for the industrial pro- 
cesses involving coal and oil shale such as retorting and 
combustion. 
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